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THIN FILM REFLECTIVE COATING 
PINNING ARRANGEMENT 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application claims priority to US. Provisional Patent 
Application No. 61/329,482, ?led Apr. 29, 2010, entitled 
“Re?ective Coating,” Which is incorporated herein in its 
entirety for all purposes. 

FIELD OF THE INVENTION 

The present invention relates generally to the use of pin 
ning regions to help adhere a thin ?lm layer of an optical or 
electrical device to an adjacent layer or substrate. One par 
ticular application relates to the use of pinning regions in the 
re?ector of a concentrating solar energy collector to help 
adhere a thin ?lm re?ective layer to a supporting surface. In 
other applications, similar pinning regions may be used in 
other types of optical or electrical components such as pho 
tovoltaic cells, mirrors, re?ectors, WindoWs, etc. 

BACKGROUND OF THE INVENTION 

Typically, the most expensive component of a photovoltaic 
(PV) solar collection system is the photovoltaic cell. To help 
conserve photovoltaic material, various concentrating photo 
voltaic (CPV) systems use re?ectors to concentrate solar 
radiation on a smaller cell area. Since the material used to 
make re?ectors is less expensive than the material used to 
make the cells, CPV systems are thought to be more cost 
effective than conventional PV systems. Although existing 
designs Work Well, there are continuing efforts to improve the 
e?iciency and reliability of re?ectors and other components 
of solar energy collection systems. 

Ideally, the re?ectors used in a concentrating photovoltaic 
system should have high quality optical surfaces. In some 
concentrating photovoltaic systems a problem that is 
observed in practice stems from degradation of the re?ective 
surface over time, Which has the effect of reducing collection 
e?iciency. One cause of surface degradation stems from the 
cracks, blisters, and delamination that can occur in or near the 
re?ective surface. More speci?cally, layers of the re?ector 
may begin to buckle or delaminate over time due to tempera 
ture cycling, moisture, Wind and other environmental 
stresses. Such physical deformation of the re?ector can scat 
ter and absorb incident light and reduce the poWer output of 
the solar energy collection system. An object of the present 
invention is to provide mechanisms to help reduce such 
re?ector degradation. 

SUMMARY OF THE INVENTION 

The present invention relates to the use of pinning regions 
to strengthen the adhesive bond betWeen different layers of 
the re?ector such that the likelihood of cracking or delami 
nation is signi?cantly reduced. 

In one aspect of the present invention, a re?ector for use in 
a solar collector is described. The re?ector includes a thin ?lm 
re?ective coating that is adhered to a layer. By Way of 
example, the layer may be a substrate that physically supports 
the re?ective coating or a protective layer. There are multiple 
spaced apart pinning regions that are distributed through an 
interface betWeen the layer and the thin ?lm re?ective coat 
ing. The pinning regions, Which are made of an adhesive 
material, locally anchor the re?ective coating to the layer. 
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2 
The pinning regions can be arranged in a Wide variety of 

Ways. Some designs involve pinning regions that are de?ned 
by protrusions or pinning elements that extend out of the layer 
or one of the thin ?lm layers. Such pinning elements may be 
integral With and made of the same materials as the substrate 
or the protective layer. In other embodiments, the pinning 
elements are made of different materials (e. g., titanium, 
chrome, glass, polymer, nickel, a metal alloy, etc.) Generally, 
the pinning regions cover only a fraction of the overall surface 
area of the re?ector and thus do not substantially reduce the 
amount of incident sunlight that is re?ected. In some embodi 
ments, the pinning regions cover less than 5% or 1% of the 
surface area of the re?ector. 

In another aspect of the present invention, a photovoltaic 
cell for use in a solar collector Will be described. The photo 
voltaic cell includes a semiconductor substrate Whose surface 
is covered With tWo additional thin ?lm layers. The tWo layers 
are made of different electrically conductive materials. There 
are spaced apart pinning regions at the interface betWeen the 
tWo layers that help to locally anchor the layers. In some 
embodiments, the semiconductor substrate is made of silicon 
and one of the thin ?lm layers is made of silver. 

Pinning regions may be utiliZed in a Wide variety of mul 
tilayered components, including re?ectors, photovoltaic cells 
and WindoWs. In another aspect of the present invention, an 
optical or electrical component With pinning regions Will be 
described. The component includes a substrate and a thin ?lm 
coating that is in direct contact With the surface of the sub 
strate. Multiple spaced apart pinning regions are distributed 
through an interface betWeen the substrate and the thin ?lm 
coating. The pinning regions locally anchor the substrate to 
the coating. Generally, the interface betWeen the substrate and 
the thin ?lm coating is arranged to transmit or re?ect optical, 
electrical and/ or electromagnetic energy. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention and the advantages thereof, may best be 
understood by reference to the folloWing description taken in 
conjunction With the accompanying draWings in Which: 

FIGS. 1A-1C are diagrammatic side vieWs of an example 
re?ector that is undergoing various types of buckling. 

FIG. 2A is a diagrammatic side vieW of a re?ector accord 
ing to a particular embodiment of the present invention. 

FIG. 2B is an enlarged vieW of a portion of the re?ector 
illustrated in FIG. 2A. 

FIGS. 2C and 2D are diagrammatic top vieWs of portions of 
the re?ector illustrated in FIG. 2A according to various 
embodiments of the present invention. 

FIGS. 3A-3F are diagrammatic side vieWs of re?ectors 
according to various embodiments of the present invention. 

FIG. 3G is a diagrammatic top vieW of a re?ector in Which 
the pinning regions are positioned at the periphery of the 
re?ector according to a particular embodiment of the present 
invention. 

FIG. 3H is a diagrammatic top vieW of a re?ector in Which 
a continuous pinning structure extends around the periphery 
of the re?ector according to a particular embodiment of the 
present invention. 

FIG. 3I is a diagrammatic side vieW of the re?ector illus 
trated in FIG. 3H 

FIGS. 4A-4B are ?oWcharts illustrating methods for form 
ing a re?ector according to various embodiments of the 
present invention. 

FIGS. 5A-5C, 6A-6D, 7A-7C, 8A-8C and 9A-9C are dia 
grammatic side vieWs of methods for forming re?ectors 
according to various embodiments of the present invention. 
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FIG. 10A is a diagrammatic perspective vieW of a photo 
voltaic cell With pinning regions according to a particular 
embodiment of the present invention. 

FIG. 10B is a diagrammatic side vieW of the photovoltaic 
cell illustrated in FIG. 9A. 

FIG. 10C is an enlarged vieW of a portion of the photovol 
taic cell illustrated in FIG. 9B. 

FIG. 11 is a diagrammatic side vieW of an optical compo 
nent according to a particular embodiment of the present 
invention. 

In the draWings, like reference numerals are sometimes 
used to designate like structural elements. It should also be 
appreciated that the depictions in the ?gures are diagram 
matic and not to scale. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

In some concentrating photovoltaic systems, a re?ector is 
used to re?ect incident light toWards a solar receiver. Ideally, 
the re?ector has a high quality optical surface. If the re?ector 
surface is degraded, the incident light may be absorbed or 
scattered and never reach the solar receiver. 

In operation, the re?ector is exposed to the ambient envi 
ronment and various environmental stresses, such as tem 
perature ?uctuation, ultraviolet light exposure, and moisture. 
These stresses can cause portions of the re?ector to blister or 
crack. As a result, the light may be scattered or absorbed. 
An example of this problem is diagrammatically illustrated 

in FIGS. 1A-1C. For purposes of comparison, FIG. 1A illus 
trates an example of an undamaged re?ector 101. The re?ec 
tor 101 includes a substrate 106, a re?ective coating 104 and 
a protective layer 102. The protective layer 102, Which is 
typically made of an optically transparent material, is formed 
over the other layers and helps shield them from environmen 
tal stresses. The re?ective coating 104 is made of a highly 
re?ective substance, such as aluminum or silver, and is 
arranged to redirect incident sunlight. The substrate 106, 
Which may be made of glass, metal and/or another suitable 
material, provides structural support for the overlying layers. 
In this example, all of the layers are perfectly aligned With one 
another and no degradation has taken place. 

FIGS. 1B and 1C illustrate situations in Which there is 
buckling in one or more of the thin layers of the re?ector 101. 
In FIG. 1B, both the re?ective coating 104 and the protective 
layer 102 have separated from the underlying substrate 106 to 
form a void Within the re?ector 1 01. In FIG. 1C, the protective 
layer 102 has lifted off from the underlying re?ective coating 
104. In both ?gures, the deformation in the surface of the 
re?ector forms a buckling feature 103. As a result, light is 
re?ected in an unintended and undesirable direction, as indi 
cated by the arroWs in FIG. 1B. 

There are several possible causes for such buckling. For 
example, moisture or other contaminants may have pen 
etrated the re?ector and Weakened the bonds betWeen some of 
its layers. There may be a mismatch in the coe?icients of 
thermal expansion of the different layers. The re?ector can 
also be damaged While being manufactured, transported or 
operated. 

The different materials used to form the layers of the re?ec 
tor can also affect the likelihood of delamination. For 
example, silver has excellent re?ective properties and thus is 
highly suitable for use in the re?ective coating 104. HoWever, 
silver adheres poorly to many types of glass, metal and poly 
mer. That is, silver unfortunately bonds poorly With many of 
the materials that the protective layer 102 and the substrate 
106 Would be made of. Although other metals, such as alu 
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4 
minum, can be used for the re?ective coating and Would 
adhere better to the other layers of the re?ector, they may not 
re?ect light as effectively as silver. This creates an undesir 
able trade-off betWeen re?ectivity and resiliency. 

Various embodiments of the present invention address one 
or more of the above issues. One of these embodiments is 
illustrated in FIGS. 2A-2C. FIG. 2A is a diagrammatic side 
vieW of a re?ector 201 that includes a thin ?lm protective 
layer 202, a thin ?lm re?ective coating 204, a substrate 206 
and various spaced apart pinning regions 210. (FIGS. 2B and 
2C are, respectively, a magni?ed side vieW and a top vieW of 
portions of the re?ector 201 illustrated in FIG. 2A.) In the 
illustrated embodiment, the re?ective coating 204 is formed 
on the substrate 206 and the protective layer 202 is formed on 
the re?ective coating 204. The pinning regions 210 are dis 
tributed through an interface 203 betWeen the protective layer 
202 and the re?ective coating 204. Each of the pinning 
regions 210 locally anchors the re?ective coating 204 to the 
protective layer 202. 

Generally, a material is chosen for the pinning regions 210 
that has, relative to the re?ective coating 204, superior adhe 
sive properties, although possibly inferior re?ective proper 
ties. The adhesive bond at locations Where the pinning regions 
210 directly contact the protective layer 202 is substantially 
stronger than at adjacent locations Where the re?ective coat 
ing 204 directly contacts the protective layer 202. In the 
illustrated embodiment, the pinning regions 210 cover only a 
small fraction of the surface area of the re?ector and thus do 
not substantially interfere in the re?ection of light. 

FIG. 2A illustrates a particular arrangement in Which mul 
tiple pinning elements 208 are formed on a top surface of the 
re?ective coating 204. (A pinning element is referred to 
herein as the structure that de?nes and ?lls a pinning region.) 
In the illustrated embodiment, the pinning elements 208 form 
small protrusions that extend out of the top surface 230 of the 
re?ective coating 204. There are gaps betWeen the pinning 
elements 208 that are ?lled in by portions of the protective 
layer 202. The pinning elements 208 may have a Wide variety 
of shapes (e.g., elliptical, oval, Whisker-like, rectangular, star 
like etc.) In some implementations, the pinning elements 208 
are formed by spraying a material onto the substrate, Which 
may cause the pinning elements to have dome-like shapes 
and/or different siZes. 

Since the pinning regions 21 0 need not be highly re?ective, 
they can be made of a Wide variety of suitably adhesive 
materials. By Way of example, the pinning regions 210 may 
contain titanium, chrome, nickel, nickel-chrome alloy, glass, 
etc. The pinning regions 210 may be formed using a variety of 
techniques including physical deposition, chemical deposi 
tion, electroplating and spraying. Some designs involve a 
pinning element 208 that is integral With and/ or made of the 
same materials as the protective layer or the substrate. 

Since the material Within the pinning regions 210 is gen 
erally less re?ective, it is desirable to limit the siZe of the 
pinning regions 210 to increase access of incident light to the 
re?ective coating 204. In the illustrated embodiment, for 
example, the pinning regions 21 0 are physically isolated from 
one another and are separated from one another by large gaps. 
This can be seen more clearly in FIG. 2C, Which illustrates a 
top vieW of a portion of the re?ector 201 of FIG. 2A. (For the 
purposes of clarity, the optically transparent protective layer 
is not shoWn in this ?gure and the relative siZe of the pinning 
regions is greatly exaggerated.) Preferably, the vast majority 
of the surface area of the re?ector is not covered by pinning 
regions. Some implementations involve a re?ector 201 With 
pinning regions 210 that cover less than 10%, 5%, 2% or 1% 
of the surface area 232 of the re?ector 201. In some embodi 
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ments, the pinning regions 210 occupy less than 5% of the 
interface betWeen the re?ective coating 204 and an adjacent 
layer (i.e. the substrate 206 or the protective layer 202), While 
at least 95% of the surface of the re?ective coating 204 is in 
direct contact With the adjacent layer. 

In various embodiments, the spacing betWeen the pinning 
regions 210 is controlled to strike a proper balance betWeen 
reduced coverage and adhesive strength. To clarify hoW the 
spacing may be determined, it is useful to again revieW the 
buckling feature in the re?ector 101 illustrated in FIG. 1B. 
Generally, the likelihood of buckling in a layer is a function of 
various factors, including the stiffness of the layer, the 
strength of the adhesion betWeen the layer and an underlying 
structure, the degree of stress (compressive or tensile) applied 
to the layer and the distance over Which such stress is applied. 
In the simpli?ed example illustrated in FIG. 1B, the compres 
sive forces 105 exist across the surface betWeen the substrate 
106 and the re?ective coating 104, Which results in the for 
mation of the buckling feature 103 in the buckling region “a”. 
For a large ?lm layer of uniform thickness that is subjected to 
equibiaxial stress, the criteria for delamination may be char 
acteriZed by the folloWing formula, Which is described in L. 
Freund & S. Suresh, Thin Film Materials, 262-264, 327-333 
(2003): 

(1 WWW; 
zEf 

Where T is the bonding energy of the interface (J/m2), vfis the 
Poisson ratio of the buckling layer, hf is the thickness of 
buckling layer (um), Efis the in-planeYoung’s modulus of the 
buckling layer (GPa), and om is the mismatch stress in the 
buckling layer (MPa). 

Using a related analysis, the minimum siZe of a buckling 
region “a” can be determined. More speci?cally, if the buck 
ling region “a” falls beloW a particular minimum value, a 
buckling feature Will not be formed, if the other variables 
(stiffness, compressive force, etc.) are held constant. For a 
thin ?lm of uniform thickness that is subjected to equibiaxial 
stress, the minimum radius of a circular buckle (am) may be 
characterized by the folloWing formula: 

Ef 
am =1.106hf IUmI 

For particular types of thin ?lm re?ectors Without pinning 
regions the minimum buckling radius (am) may be on the 
order of 1 mm. In order for the pinning regions to occupy a 
relatively small percentage of the interface surface area, this 
implies that the lateral dimensions of the pinning regions be 
on the order of 100 um. Larger or smallerpinning regions may 
be used depending on the minimum buckling radius. 

The spacing of the pinning regions illustrated in FIGS. 2A 
and 2C is based on these concepts. More speci?cally, based 
on the characteristics of a particular thin ?lm layer and an 
estimation of the compressive forces that Would be applied to 
the layer, am can be calculated for any thin ?lm layer in a 
re?ector. The spacing of the pinning regions is then based on 
am. In the illustrated embodiment, for example, the centers of 
adjacent pinning regions 210 are separated from one another 
by a distance d. Since no delamination is expected at the 
pinning regions 210, any buckling must occur along the dis 
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6 
tance d. Preferably, distance d is less than or equal to approxi 
mately 2am, so that the likelihood of buckling is either elimi 
nated or greatly reduced. 

The spacing betWeen pinning regions 210 may be uniform 
or non-uniform. FIG. 2C, Which illustrates a top vieW of the 
re?ector 201 illustrated in FIG. 2A, presents a uniform 
arrangement of pinning regions 210. That is, each pinning 
region 210 is separated from each of the other adjacent pin 
ning regions 210 by a substantially equal distance d. This 
approach helps maximiZe the exposure of the re?ective coat 
ing 204 to incident sunlight While reducing the likelihood of 
delamination. Alternatively, the pinning regions 210 may be 
arranged in a non-uniform manner. An example of this is 
shoWn in FIG. 2D, in Which the distances betWeen adjacent 
pinning regions 210 varies. Preferably, even in a non-uniform 
arrangement, the distances betWeen the centers of adjacent 
pinning regions is less than d. In another embodiment, the 
average distance betWeen the centers of adjacent pinning 
regions is approximately equal to or less than d. 

Generally, the re?ective coating 304 is made of a material 
that has excellent re?ective properties but Which may have 
poor adhesive properties. For example, silver Works Well as a 
material for the re?ective coating 204, although any other 
suitable re?ective material may be used, such as aluminum. 
The protective layer 202 may be made of a Wide variety of 
organic or inorganic materials, such as urethane acrylate, 
polyimide, photopolymers, silicon dioxide, silicon dioxide/ 
titanium dioxide, aluminum oxide, sol-gel glass etc. Various 
implementations involve a substrate that is made of a metal, 
glass, a thin ?lm polymer (e.g., Mylar) and/ or any other 
suitable material. The composition of the substrate 206 and 
the protective layer 202 may depend on their orientation 
relative to the re?ective coating 204. For example, in the 
illustrated embodiment the re?ective coating 204 is formed 
on the top surface of the substrate 206. Light passes through 
a protective layer 202 and is re?ected by the re?ective coating 
204. That is, the protective layer 202 in this case must be made 
of a transparent material. In another embodiment, hoWever, 
the re?ective coating 204 is on a bottom surface of a substrate 
206, Which is transparent and arranged to pass light through 
(e.g., as shoWn in FIG. 3A.) It should be appreciated that the 
protective layer 202, the re?ective coating 204, the substrate 
206 and the pinning regions/elements do not necessarily have 
uniform compositions. That is, they each may include mul 
tiple sublayers of different materials. Additionally, in some 
embodiments, various intermediate layers may be situated 
betWeen the substrate 206 and the re?ective coating 204 and 
the protective layer 202 and the re?ective coating 204. 

Generally, the substrate 206 of the re?ector 201 is substan 
tially thicker than the overlying re?ective and protective lay 
ers 204 and 202, although this is not a requirement. By Way of 
example, the thickness 214 of the re?ective coating 204 may 
be approximately betWeen 20 and 200 nm, although thicker 
and thinner layers are also possible. Some implementations 
involve a protective layer 202 With a thickness 212 of approxi 
mately betWeen 0.1 pm and 20 um and a substrate 206 With a 
thickness 216 of half a millimeter or more. 

Depending on the arrangement of the pinning regions 210, 
the adhesive strength betWeen adjacent layers may be 
increased at one or more interfaces. In the illustrated embodi 
ment of FIG. 2B, for example, the pinning region 210 is 
positioned through an interface 203 betWeen the thin ?lm 
layers (i.e., the re?ective coating 204 and the protective layer 
202.) Since the pinning region 210 of FIG. 2B is not posi 
tioned through an interface 205 betWeen the thin ?lm re?ec 
tive coating and the substrate 206, the pinning region 210 
does not locally anchor the re?ective coating 204 to the sub 
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strate 206. In some embodiments, however, the pinning 
regions 210 are arranged to extend through both interfaces 
203 and 205 and therefore help secure all of the layers 
together. 

Referring next to FIGS. 3A-3E, side vieWs of re?ectors 
according to various embodiments of the present invention 
Will be described. FIG. 3A illustrates a re?ector 301 that is 
somewhat similarto the one illustrated in FIG. 2A, except that 
the layers of the re?ector 301 are rearranged. That is, the 
pinning regions 310 are formed on a top surface of the pro 
tective layer 302, Which is situated at the bottom of the re?ec 
tor 301. The protective layer 302 may be strong enough to be 
mechanically self-supporting. The re?ective coating 304 is 
positioned over the top surface of the protective layer 302 and 
the pinning regions 310. The re?ective coating 304 is attached 
With the bottom surface of a substrate 306. When the re?ector 
301 is in operation, light passes through and may be slightly 
refracted by the transparent substrate 306. The light then 
reaches the re?ective coating 304 and is directed aWay from 
the re?ector 301 as indicated by the arroWs. 

Referring next to FIG. 3B, a re?ector 303 With a treated 
re?ective coating 304 according to another embodiment of 
the present invention Will be described. In the illustrated 
embodiment, the pinning regions 310 are formed by treating 
selected portions 320 of the re?ective coating 304. This may 
be done in a Wide variety of Ways. For example, selected 
portions 320 of the re?ective coating may be chemically 
altered to form an alloy that adheres substantially more to the 
overlying protective layer that untreated portions of the 
re?ective coating 304. Generally, these treated, selected por 
tions 320 of the re?ective coating do not penetrate entirely 
through the re?ective coating 304, although this is not a 
requirement. 

Referring next to FIG. 3C, a re?ector 305 according to 
another embodiment of the present invention Will be 
described. The main difference betWeen the re?ector 305 
illustrated in FIG. 3C and the re?ector 201 illustrated in FIG. 
2A is that the pinning elements 308 penetrate entirely through 
the re?ective coating 304, instead of being formed on the top 
surface of the re?ective coating 304. Each pinning element 
308 directly contacts and adheres to the protective layer 302 
and the substrate 306. Accordingly, the re?ective layer 304 is 
?rmly sandWiched therebetWeen. 

FIG. 3D is a side vieW of a re?ector 307 With a protective 
layer 302 With elevated regions 322 in accordance With 
another embodiment of the present invention Will be 
described. Like the re?ector 305 illustrated in FIG. 3C, the 
re?ector 307 includes a top protective layer 302, a middle 
re?ective coating 304, a substrate 306 and multiple pinning 
regions 310 that extend entirely through the re?ective coating 
304. In the illustrated embodiment, hoWever, the pinning 
regions 310 are not ?lled With a material that is distinct from 
that of the protective layer 302. Instead, the pinning elements 
308 in the pinning regions 310 are extensions of and integral 
With the overlying protective layer 3 02. The pinning elements 
help secure tWo interfaces Within the re?ector 307: the inter 
face betWeen the thin ?lm protective layer 302 and the thin 
?lm re?ective coating 304 and the interface betWeen the thin 
?lm layers and the substrate 306. 

In the illustrated embodiment, there are elevated regions 
322 that extend out of the bottom surface of the protective 
layer 302 and that come in direct contact With the substrate 
306. The re?ective layer 304 covers the substrate 306 and ?lls 
in the gaps betWeen the elevated regions 322 of the protective 
layer 302. The adhesive bond at locations Where the protec 
tive layer 302 directly contacts the substrate 306 is substan 
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8 
tially stronger than at those locations Where the re?ective 
coating 304 directly contacts the substrate 306. 

Referring noW to FIG. 3E, a re?ector 309 With a substrate 
306 that has elevated regions 324 according to another 
embodiment of the present invention Will be described. The 
substrate 306 includes elevated regions 324 that extend out of 
a top surface of the substrate 306. The re?ective layer 304 is 
positioned on the substrate 306 such that it ?lls gaps betWeen 
these elevated regions 324. In various embodiments, a top 
surface of the re?ective coating 304 is substantially coplanar 
With top surfaces of the elevated regions 324 of the substrate 
306. A protective layer 302 is positioned on the re?ective 
layer 304 and is in direct contact With the elevated regions 324 
of the substrate 306. In comparison to the re?ective coating 
304, the elevated regions 324 of the substrate 306 adhere 
substantially better to the overlying protective layer 302. 
The ?gures described above generally illustrate re?ectors 

With planar top and bottom surfaces. The present invention 
also contemplates embodiments in Which this is not the case. 
Referring next to FIG. 3F, a re?ector 311 With nonplanar 
layers according to another embodiment of the present inven 
tion Will be described. The substrate 306 includes elevated 
regions 324 that extend out of its top surface. The overlying 
re?ective coating 304 ?lls gaps betWeen these elevated 
regions 324 and also covers the elevated regions 324. As a 
result, some portions of the re?ective coating 304 are posi 
tioned higher than others. The protective layer 302 conforms 
to the pro?le of the underlying layers and is similarly nonpla 
nar. For some applications, the above re?ector design may be 
useful. Generally, the non-planar portions of the re?ector may 
be kept so small such that they do not substantially interfere 
With the proper re?ection of light. One advantage of the above 
type of re?ector design is that it may remove processing steps 
and therefore may be more cost-effective to manufacture. 

Referring noW to FIG. 3G, a re?ector 313 With peripheral 
pinning regions 310 according to another embodiment of the 
present invention Will be described. In the illustrated embodi 
ment, the pinning regions 310 are arranged only along the 
periphery of the re?ector 313. In an alternative embodiment, 
there are pinning regions 310 across the entire re?ector 313, 
but the density of pinning regions 310 are greater at the 
periphery then at the central region 314 of the re?ector 313 
(e.g., the aforementioned distance d betWeen adjacent pin 
ning regions may be smaller at the periphery than at the 
central region 314.) For various reasons, it is particularly 
important to prevent delamination, deformation, and crack 
ing at the periphery of the re?ector. Generally, the periphery 
of the re?ector is more prone to bending or tWisting. Cracking 
or delamination often begins at the edges of the re?ector and 
then propagates inWard toWards the center of the re?ector. 
Additionally, the multiple layers that make up the re?ector 
may be exposed at the periphery of the re?ector, Which could 
alloW moisture and other contaminants to seep betWeen the 
layers of the re?ector. Concentrating the pinning regions 310 
at the periphery of the re?ector 313 can help prevent such 
problems. 

Referring next to FIGS. 3H and 3I, a re?ector 315 With a 
continuous pinning structure 312 according to a particular 
embodiment of the present invention Will be described. FIGS. 
3H and 3I are, respectively, top and side vieWs of the re?ector 
315. The pinning regions are de?ned by single continuous 
pinning structure 312 that extends along the periphery of the 
re?ector 315 and entirely surrounds a central region 314 of 
the re?ector 315. The pinning structure 312 may be formed in 
the same Way as any pinning element described herein. In the 
illustrated embodiment, for example, the pinning structure 
312 extends past the re?ective coating 304 and directly con 
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tacts the re?ective coating 304 and the substrate 306. In 
another embodiment, the pinning structure 312 may be a 
Wall-like structure that is formed on a top surface of the 
re?ective coating 304 (e.g., similar to the Way in Which the 
pinning element 208 is formed on the top surface of the 
re?ective coating 204 in FIG. 2A.) In this embodiment, the 
protective layer 302 Would ?ll in a large gap betWeen the 
“Walls” of the pinning structure 312 at the central region 314 
of the re?ector 315. 

It should be appreciated that the present application is not 
limited to the speci?c examples described above. The present 
application also contemplates a Wide variety of arrangements 
involving combinations of the features shoWn in different 
?gures. By Way of example, FIGS. 2A-2C and FIGS. 3A-3I 
illustrate various types of pinning elements and pinning 
regions (e.g., pinning regions that do or do not extend entirely 
through the re?ective coating, pinning regions that are 
arranged at the periphery of the re?ector, pinning regions that 
are extensions of and are integral With the protective layer 
and/ or the substrate, pinning regions that are on the backside 
of a substrate, etc.)Any feature of a pinning region or re?ector 
illustrated in a particular ?gure may be added to or used to 
modify a pinning region or a re?ector illustrated in another 
?gure. 

Referring noW to FIG. 4A and FIGS. 5A-5C, a method for 
forming the re?ector 201 illustrated in FIG. 2A according to 
a particular embodiment of the present invention Will be 
described. Initially, a thin ?lm re?ective coating 204 is 
applied over a top surface of a substrate 206 (FIG. 5A and step 
402 of FIG. 4A.) The substrate 206 may be formed from any 
material that is suitable for physically supporting the other 
layers of the re?ector 201, such as metal, glass, polymer, etc. 
In some embodiments, the substrate 206 is intended to alloW 
the passage of light and is therefore transparent. Highly 
re?ective metals such as silver and aluminum Work Well as 
materials for the re?ective coating 204. The re?ective coating 
204 may be applied to a thickness of approximately betWeen 
20 and 200 nm, although larger and smaller thicknesses are 
also possible. 

The re?ective coating 204 may be applied using a Wide 
variety of different thin ?lm deposition techniques, depend 
ing on the needs of a particular application. For example, the 
applying of the re?ective coating 204 may involve physical 
vapor deposition, electron beam deposition, sputtering, 
chemical deposition, screen printing, electroless plating and/ 
or electroplating. Some approaches involve the thermal 
evaporation of metals into a vapor that is then deposited on the 
substrate 206 in one or more layers. Such deposition pro 
cesses may be conducted in high vacuum With small quanti 
ties of gases such as oxygen or ammonia to react With the 
evaporated material to form the thin ?lm re?ective coating. 
During the deposition process, the underlying layer may be 
bombarded by an ion beam to cause microstructural, chemi 
cal or other physical changes in the layer to help form the 
desired thin ?lm. In various embodiments, a reactive species 
or precursors may be applied to the underlying layer in a 
liquid form, Which reacts (e.g., in a redox reaction, sol-gel 
reaction, etc.) to form the desired thin ?lm. (It should be noted 
that the above techniques may be utiliZed Whenever a thin ?lm 
layer is being formed in accordance With one of the embodi 
ments described in the present application, irrespective of 
Whether the underlying layer is the substrate or another thin 
?lm layer.) 

AfterWard, one or more pinning regions 210 are formed 
over a top surface of the re?ective coating (FIG. 5B and step 
404.) In this example, each pinning region 210 is de?ned by 
pinning element 208 that is made up of a material With strong 
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10 
adhesive properties. For example, titanium, chrome, nickel, a 
metal alloy, nickel chrome alloy and glass Work Well for 
various embodiments. The pinning elements are physically 
isolated from one another and are distributed across the top 
surface of the re?ective coating 204. There may be a distance 
d<2am separating adjacent pinning elements 208, Where 2am 
is calculated for the thin ?lm re?ective coating 204 based on 
the factors discussed earlier in this application. 
The pinning elements 208 may be formed in various Ways. 

For example, a particular approach involves spraying a suit 
ably adhesive material onto the re?ective coating 204 to form 
the spaced apart pinning elements 208. Some approaches 
involve the spraying of liquidbeads or droplets of the material 
on the re?ective coating 204 in a non-uniform pattern (e.g., as 
seen in FIG. 2C.) The pinning elements 208 may also be 
formed using any thin ?lm deposition techniques discussed in 
the present application, including chemical deposition, elec 
troplating and vapor deposition. 

Another approach for forming the pinning elements 
involves applying a continuous thin ?lm layer of the pinning 
element material over the re?ective coating 204. This may be 
performed using any of the aforementioned thin ?lm deposi 
tion techniques. This layer may then be etched using any 
knoWn, suitable method to form the spaced apart pinning 
elements 208. By Way of example, the selective removal of 
portions of the thin ?lm may involve laser ablation, chemical 
solvents, mechanical abrasion and/or photolithography. 
At step 406, a thin ?lm protective layer of FIG. 5C is 

applied directly onto the re?ective coating 204 and the pin 
ning elements 208 to form the re?ector 201 illustrated in FIG. 
2A. The protective layer 202 may be made from any suitably 
impermeable, resilient and/ or transparent material (e. g., 
ceramic, a dielectric material, polyimide, oxide, glass, ure 
thane acrylate, ?uoropolymer, silicon dioxide, silicon diox 
ide/titanium dioxide mixture, aluminum oxide, sol-gel glass 
etc.) The application of the protective layer 202 may involve 
any of the thin ?lm deposition techniques described above. 
Some deposition processes involve the thermal evaporation 
of ceramics or dielectrics into a vapor that is deposited over 
the re?ective coating 204. These processes may be conducted 
in high vacuum With small quantities of gases such as oxygen 
or ammonia to react With the evaporated material to form a 
ceramic or dielectric thin ?lm protective layer 202. 
The protective coating 202 covers the spaced apart pinning 

elements 208 and ?lls in gaps betWeen them. Due to the 
materials used to form the pinning elements 210, the strength 
of the adhesive bond at the interface betWeen the protective 
layer and the re?ective coating is substantially stronger at the 
pinning regions 210 than at the gaps betWeen the pinning 
regions 210. In some embodiments, the protective coating 
202 is applied to form a planar top surface for the re?ector 
201. In another embodiment, the protective coating 202 is 
applied substantially evenly over the re?ective coating 204 
and the pinning elements 208, Which may cause the top sur 
face of the re?ector 201 to be non-planar. 
The steps illustrated in FIG. 4A may be reordered and/or 

modi?ed in a Wide variety of Ways to form different types of 
re?ectors. Referring noW to FIG. 4A and FIGS. 6A-6D, a 
method for forming the re?ector 307 illustrated in FIG. 3D 
according to another embodiment of the present invention 
Will be described. Initially, masking features 326 are formed 
on a top surface of the substrate 306 of FIG. 6A. The masking 
features 326 may be formed from any suitable material that 
can later be readily removed from the substrate 306, such as a 
dissolvable photoresist. In some implementations, the mask 
ing features 326 are formed by ?rst depositing a layer of the 
material over the re?ective coating and then etching the mate 
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rial to de?ne the masking features. In another implementa 
tion, the masking features 326 are spot deposited over the 
surface of the re?ective coating. For example, they may be 
sprayed over the re?ective coating to form spaced apart mask 
ing features 326 in the form of liquid beads or droplets. Some 
approaches involve forming masking features 326 that are 
made of small particles and/or have Whisker- or ?lament-like 
shapes. In another embodiment, the masking feature takes the 
form of a tape that is arranged to be pulled off after the 
re?ective coating is applied. This approach Works Well When 
forming a re?ector in Which the pinning regions are concen 
trated at the periphery of the re?ector (e.g., the re?ector 315 
illustrated in FIG. 3H.) In such a case, the tape can be applied 
at the edges and along the periphery of the substrate, so that 
any re?ective coating that forms on the tape can be later 
removed by pulling off the tape. 

Afterward, a re?ective coating 304 is applied over the 
masking features (FIG. 6B and step 402 of FIG. 4A.) The 
re?ective coating 304, Which may be applied using any of the 
aforementioned thin ?lm deposition techniques, covers the 
top surface of the substrate 306 and possibly the masking 
features 326. In an embodiment in Which the masking feature 
326 is dissolvable, the re?ective coating 304 preferably does 
not entirely encapsulate each masking feature so that a suit 
able solvent has access to it, although this is not a require 
ment. 

In FIG. 6C, the masking features 326 are removed. The 
techniques used to remove the masking features may vary, 
depending on the composition of the masking features 326 
and the Way in Which they Were applied. By Way of example, 
a chemical solvent may be applied to dissolve the masking 
features 326. Some approaches involve burning aWay mask 
ing features that are made of organic or carbonaceous mate 
rials. In another approach, the masking features 326 (e.g., a 
tape) are mechanically pulled or peeled off from the under 
lying surface. Once the masking features 326 are removed, 
multiple recesses 328 are left in the re?ective coating Where 
the masking features Were. As a result, underlying portions of 
the substrate 306 are exposed. 

In various embodiments, recesses 328 are formed in the 
re?ective coating 306 Without the use of masking features 
326. By Way of example, after the initial deposition of the thin 
?lm re?ective coating 304 (e.g., as seen in FIG. 6A), suitable 
portions of the re?ective coating 304 can be removed using 
any technique familiar to those of ordinary skill in the art. 
Some embodiments involve etching the re?ective coating 3 04 
using laser ablation or mechanical abrasion. These techniques 
also form recesses 328 that expose underlying portions of the 
substrate 306. 

After the removal of portions of the re?ective coating 304, 
a thin ?lm protective layer 302 is formed over the re?ective 
coating 304 (FIG. 6D and step 406 ofFIG. 4A.) The applica 
tion of the protective layer 302 may involve any of the afore 
mentioned thin ?lm deposition techniques. The protective 
layer 302 covers the re?ective coating 304, ?lls the recesses 
328 in the coating and therethrough comes in direct contact 
With the top surface of the substrate 306. The portions of the 
protective layer 302 that ?ll the recesses de?ne the pinning 
regions 310 for the re?ector. That is, protrusions that extend 
from the bottom surface of the protective layer 302 act as 
pinning elements 308 for the re?ector 309. 
A particular implementation of the method illustrated in 

FIGS. 6A-6D involves ?lling the recesses 328 With a distinct 
pinning element material before applying the protective layer. 
In this implementation, the pinning element material differs 
from the materials used to form both the overlying protective 
layer 302 and the underlying re?ective coating 304. 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

12 
Examples of suitable pinning element materials include tita 
nium, chrome, nickel, an alloy, nickel-chrome alloy and 
glass. In this approach, before the protective layer 302 is 
formed over the re?ective coating 304, a pinning element 
material is deposited into the recesses 328 in the re?ective 
coating 304. To ?ll the recesses 328, the pinning element 
material may be initially applied as layer that covers both the 
re?ective 304 coating and ?lls the recesses 328. The layer 
may then be etched such that the top surface of the re?ective 
coating 304 is exposed and/ or the top surfaces of the pinning 
elements 308 are coplanar With the top surface of the re?ec 
tive coating 304. In another embodiment, each of the recesses 
328 are spot-?lled in a manner that leaves the top surface 
re?ective coating 304 uncovered. AfterWard, the protective 
layer 302 is formed over the pinning elements 308 and the 
re?ective coating 304. In this implementation, the protective 
layer 302 is optionally ?at and has a substantially uniform 
thickness, unlike the protective layer 302 of the re?ector 309 
illustrated in FIG. 6D. The above approach may be used to 
form the re?ector 305 illustrated in FIG. 3C. 

Referring next to FIGS. 7A-7C, a method for forming the 
re?ector 307 illustrated in FIG. 3E according to another 
embodiment of the present invention Will be described. Ini 
tially, a substrate 306 of FIG. 7A is provided that includes 
elevated regions 330 in its top surface. There are gaps 
betWeen the elevated regions 330, Which are distributed along 
the length of the underlying substrate 3 06. In various embodi 
ments, the centers of adjacent elevated regions 330 are sepa 
rated by a distance d<2am, Whose calculation Was discussed 
elseWhere herein. 
A thin layer re?ective coating 304 is then applied over the 

substrate 306 (step 402 of FIG. 4A and FIG. 7B.) There are 
various Ways to arrange the re?ective coating 304 over the 
substrate. In a particular embodiment, the re?ective coating 
304 is selectively applied only Within the gaps betWeen the 
elevated regions 330 of the substrate, such that the top sur 
faces 332 of the elevated regions 330 are uncovered. In 
another embodiment, the re?ective coating is deposited over 
the entire substrate 306. Then, portions of the re?ective coat 
ing 304 are removed to expose the top surfaces 332 of the 
elevated regions 330. The selective etching of portions of the 
re?ective coating may be performed using any technique 
knoWn in the art (e.g., laser ablation, mechanical abrasion, 
photolithography, etc.) Generally, the top surfaces 332 of the 
elevated regions 330 and a top surface of the re?ective coating 
304 are substantially coplanar, although this is not a require 
ment. 

AfterWard, a protective layer 302 is deposited over the 
re?ective coating 304 and the substrate 306 (step 404 of FIG. 
4A and FIG. 7C.) The elevated regions 330 of the substrate 
306 come in direct contact With the overlying protective layer 
302 and help anchor the protective layer 302 to the rest of the 
re?ector. That is, the elevated regions 330 of the substrate 306 
de?ne the pinning regions 310 for the re?ector. 

Referring noW to FIG. 4A and FIGS. 8A-8C, a method for 
forming the re?ector 305 illustrated in FIG. 3B according to 
another embodiment of the present invention Will be 
described. Initially, a re?ective coating 304 is formed over a 
substrate 306 (step 402 of FIG. 4A and FIG. 8A.) Selected 
portions 334 of the re?ective coating are then treated to form 
pinning regions 310 (step 404 ofFIG. 4A and FIG. 8B.) That 
is, the selected portions 334 of the re?ective coating 304 are 
chemically altered such that their composition or physical 
properties differ from that of the rest of the re?ective coating 
304. As a result of the treatment, the selected portions 334 
become less re?ective and/or substantially more adhesive. A 
variety of techniques may be used to treat the re?ective coat 










